The reactivity of biphenylium cations C 12 H 9 + with benzene C 6 H 6 is investigated in a joint experimental and theoretical approach. Experiments are performed by using a triple quadruple mass spectrometer equipped with an atmospheric pressure chemical ion source to generate C 12 H 9 + via dissociative ionization of various isomers of the neutral precursor hydroxybiphenyl (C 12 H 10 O). C-C coupling reactions leading to hydrocarbon growth are observed. . The dependence of product ion yields on the kinetic energy of reagent ions, as well as further experiments performed using partial isotopic labelling of reagents, support the idea that the reaction proceeds via a long lived association product, presumably the covalently bound protonated terphenyl C 18 H 15 + . Its formation is found to be exothermic and barrierless and therefore might occur under the low pressure and temperature conditions typical of planetary atmospheres and the interstellar medium. Theoretical calculations have focussed on the channel leading to C 8 H 7 + plus C 10 H 8 , identifying, as the most probable fragments, the phenylethen-1-ylium cation and naphthalene, thus suggesting that the pathway leading to them might be of particular interest for the synthesis of polycyclic aromatic hydrocarbons. Both experiments and theory agree in finding this channel exoergic but hampered by small barriers of 2.7 and 3.7 kcal⋅mol -1 on the singlet potential energy surface.
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Introduction
Understanding the formation mechanisms of large aromatic and polycyclic aromatic hydrocarbons (PAH) is a highly relevant and challenging topic in several areas ranging from fuel combustion [1, 2] to the synthesis of nanostructured carbon-based materials and coatings (e.g. via plasma-enhanced chemical vapour deposition [3] ) and to the astrochemical evolution of the interstellar medium and planetary atmospheres [4, 5, 6, 7] .
On this latter topic, a great research effort is currently focussed on the modelling of the hydrocarbon atmosphere of Titan, the largest moon of Saturn and second largest moon in the Solar system [8] . The Cassini-Huygens mission to Saturn has confirmed that Titan has one of the richest atmospheric chemistry in the Solar system, with numerous heavy hydrocarbons and nitrogen-bearing species being detected in situ at ionospheric altitudes by the various mass spectrometers on board of Cassini. In particular, large positive and negative ions with masses of several hundred atomic mass units have been discovered as well as even larger charged aerosol species [9] . Despite the huge amount of experimental data, the molecular structures cannot be directly identified by mass spectrometry, and chemical models need to be developed to unravel structures and explain formation mechanisms (see for instance [10] and references therein). PAHs, nitrile aromatic polymers, polyynes as well as fullerenes have been proposed as the possible ions observed at altitudes above 1000 km. Moreover, such ions may act as seed particles for aerosols and tholins observed at lower altitudes [11] . More recently, the possibility that fused-ring PAHs would form under the low temperatures and pressures typical of Titan upper atmosphere has been questioned and polyphenyls have been proposed as more likely candidates to explain the Cassini data [12] . Polyphenyls are chains (either branched or linear) of benzene rings bonded together via a single C-C bond between one of the carbon atoms in one ring and a carbon in another ring. Hence polyphenyls are unsaturated polycyclic hydrocarbons but they do not belong to the family of PAHs for which the fusedbenzene ring structure maintains the aromatic character and a planar geometry when the number of C atoms increases. Alternatively, biphenyl and larger polyphenyls can be considered to consist of two or more crosslinked aromatic moieties [13] . The rationale underlying the proposal for the presence of polyphenyls in Titan's atmosphere is that they can form at lower temperatures with respect to PAHs, while still maintaining the possibility to grow to large polymeric structures and condensate to form aerosols. In addition, polyphenyls have chemical and physical properties similar to PAHs (e.g. ionization potential and electron affinity) and could still be responsible for the negative ion species observed on Titan's atmosphere. In terms of chemical models, the observation of ionized species requires a strong interplay between neutral and ionic chemistry for a reliable modelling of the evolution and composition of Titan atmosphere [10] .
Moving from Titan's atmosphere down to Earth, biphenyl and larger polyphenyls -in addition to PAHs and carbonaceous dust particles [14, 15] -have been detected in the plasma treatment of gaseous mixtures containing benzene [16, 17] as well as in the radiolysis of liquid [18, 19, 20] and gaseous benzene [21] . In Ref. [17] reaction pathways for polyphenyl synthesis from benzene have been proposed, based on radical reactions initiated by the formation of phenyl radicals upon H atom loss from excited benzene molecules (e.g. by collisions with electrons in the discharge). Polyphenyl radicals have been proposed as precursors of a crosslinked polystyrene polymer produced in the reaction of aromatic breakdown products upon sonication of benzene and toluene at room temperature. Direct coupling of two phenyl radicals, as well as substitution reaction between a phenyl radical and a benzene molecule, can produce biphenyl. The formation of various terphenyl isomers is then postulated to occur either via a substitution reaction between phenyl radical and biphenyl or from the reaction of benzene with biphenyl radical [22] . An alternative mechanism for biphenyl synthesis involving an electrophilic aromatic substitution reaction between the phenyl cation and a neutral benzene molecule is proposed and investigated by our group [23] .
Under certain conditions, ion-molecule reactions can play an important role in the growth of large organic molecules [24, 25] mechanisms for PAH growth [26, 27] . For instance the growth of molecular systems initiated by charged particles has been proposed in combustion and soot formation processes, where ions formed in flames by chemi-ionization can act as nuclei for coagulation of PAHs, finally leading to soot [28, 29, 30, 31, 32, 33, 34, 35] . The ionic mechanism postulates that precursor ions react with neutral species (e.g. acetylene) to produce larger ions, which sequentially and rapidly add low molecular weight neutrals (e.g. benzene) to produce increasingly larger ions. Similarly, large mass cations (and anions) have been proposed to act as nucleation sites for the growth of aerosols in exhaust plumes behind aircraft and motor vehicle engines [36, 37] .
In previous studies from our laboratories we have investigated C-C coupling ionmolecule reactions leading to hydrocarbon growth starting from phenyl and naphthyl cations plus benzene [23, 38] ; here we extend such studies to the reactivity of biphenylium ion C 12 H 9 + with benzene. The association reaction C 12 H 9 + + C 6 H 6 → C 18 H 15 + is observed in addition to other minor neutral loss channels. Experimental results are discussed in light of density functional theory (DFT) calculations.
Experimental and theoretical methods
The reactivity of biphenylium ion C 12 H 9 + with benzene (both C 6 H 6 and C 6 D 6 ) is investigated by using a triple quadrupole mass spectrometer, TQ-MS (model API3000 TM LC/MS/MS, AB Sciex, USA) equipped with an atmospheric pressure chemical ionizationheated nebulizer source (APCI). Reactant ions C 12 H 9 + are generated in the APCI source alternatively using the o-, m-, and p-isomers of hydroxybiphenyl (C 12 H 10 O) as neutral precursors via dissociation of the primary ions (C 12 H 10 OH + generated in the plasma corona discharge) by collisions with N 2 molecules used as declustering gas. The neutral precursors are injected as solution in methanol with a concentration in the range 1-10 mM using a micrometric syringe pump with injection flow rates in the range 5 -15 μl/min. High purity N 2 , obtained by the boil-off from a liquid nitrogen Dewar, is used both as nebulizer and curtain gas. The temperature of the source region is typically kept at 350 °C during all measurements. Typical experimental parameters optimized for the production of C 12 H 9 + ions are the followings: nebulizer gas pressure 3 bar, auxiliary gas and curtain gas pressures 480 mbar, declustering potential 45-50 V, nebulizer current applied to the corona discharge needle 2.5-3.0 μA, focusing potential 210-240 V, and entrance potential 5-7 V.
Mass spectra are collected in the full scan mode and obtained by scanning over the mass range m/z 50-250. Different scans were accumulated for several times resulting in an average scan time of 5 minutes per spectrum.
To study ion-molecule reactions, C 12 H 9 + ions are mass-selected (at m/z 153) with the first quadrupole Q1 and injected into the second quadrupole Q2 which acts as an ion guide and which is surrounded by the scattering cell were the neutral partner (benzene vapour in the present case) is admitted at a pressure in the range of 10 increase of the nominal kinetic energy corresponds to an increase in the collision energy and therefore some qualitative information on the reaction energetics can still be obtained. The energy hypersurface is explored by gradient procedures [42] using Density
Functional Theory (DFT) [43] and the M06-2X functional [44] . Dunning's cc-pVTZ basis set [45] is used in these geometry optimizations and the subsequent vibrational analyses and thermochemistry assessments. The relative energies are corrected by the cc-pVTZ zero point vibrational energies (ΔE ZPE ). DFT(M06-2X)/cc-pVTZ energetics is reported in kcal mol -1 throughout the paper [46] . The natural atomic orbital (NAO) charges are obtained by the natural population analysis [47] . Details on charges and spin distribution are reported in Chart 1 of the EPAPS [48] . All calculations are carried out by using the GAUSSIAN 09 system of programs [49] . The molecular structures reported in the graphical abstract have been created using the Molden program. [50] 3. Results and discussion
Experimental results
A typical mass spectrum of the ionic products for the reaction of C 12 H 9 + with benzene (C 6 H 6 ) is reported in Fig. 2 . The spectrum was measured at a nominal kinetic energy of the reagent ions of about 3.5 eV and with a pressure of benzene inside the reaction quadrupole of about 10 -3 mbar. The main ionic product is observed at m/z 231 and a possible pathway might be the electrophilic addition of the cation to the aromatic neutral, followed by H migration to give the long-lived ion-molecule adduct C 18 H 15 + , most likely having the structure of protonated terphenyl, as it will be described in detail in the following with the support of theoretical calculations. Other ions are observed, in smaller yields, and their generation is attributed to the occurrence of the following reactions (2)- (13): To investigate a potential effect on the reactivity of the different C 12 H 9 + isomers (i.e.
ortho, meta and para according to whether the C + is in the ortho, meta and para position with respect to the phenyl ring) we have generated the C 12 H 9 + ions starting from different isomers of the hydroxybiphenyl neutral precursor, having the OH substituent in the ortho, meta and para position respectively. Results are reported in Table I , where the relative yields of the various product ions observed at low collision energy (~ 3.5 eV) are given for each of the neutral precursors. In all cases, the association product predominates with a yield greater than 50%. The higher yield (76%) observed in the case of the phydroxybiphenyl precursor is most likely due to the fact that during this experimental run the benzene pressure in the scattering cell was slightly higher than during the runs done with the o-and m-isomers (namely 1.7×10 -3 mbar vs 1.2×10 -3 mbar). Hence, independently of the generation method, the reactivity of C 12 H 9 + against benzene is dominated by association, with minor products given by reactions (2)- (13) above. We can conclude that the reactivity does not depend on the charge position over the biphenyl ring, and in the next Section theoretical evidences in support of this conclusion will be provided. However, an alternative interpretation is considered hereafter. It relates to the experimental technique used to produce the reagent C 12 H 9 + cations. They are generated via dissociation of the primary ions C 12 H 10 OH + by collisions with N 2 molecules. The yield in C 12 H 9 + is an increasing function of the declustering potential, i.e. the acceleration voltage applied to primary ions during collisions with N 2 gas. To minimize internal excitation of the C 12 H 9 + ions the declustering potential is kept at the lowest possible value compatible with a yield in C 12 H 9 + sufficient to observe reaction products. As a consequence of the ion generation method, some extra energy is supplied to the primary ions and a mixture of o-, m-and p-C 12 H 9 + isomers can be formed by 1,2 H migration, despite the large energy barrier associated with this process (the barrier for the isomerisation from m-C 12 H 9 + to p-C 12 H 9 + is 47.1 kcal⋅mol -1 ). Total 100 100 100 a Branching ratios have been calculated by fitting each peak in the mass spectrum with a Gaussianshaped function and assuming their areas to be proportional to the ion yields. The 13 C contribution of an ion at mass m on the peak observed at mass m+1 has been taken into account when associating a peak in the mass spectrum with an ion of given molecular formula.
To understand better the fragmentation processes (2)-(13), a collision induced dissociation experiment was performed using N 2 in the reaction cell. The resulting mass spectrum is compared with the one observed with benzene as reaction partner in Fig. 3 .
A nominal kinetic energy of 20 eV was used in both benzene (at a pressure of about 10 -3 mbar) and nitrogen cases (at a pressure of about 2.2*10 -3 mbar). The main fragmentation pathway for C 12 H 9 + ions is via loss of C 2 H 2 to give a peak at m/z 127: this is the most intense feature in the N 2 spectrum (black line in Fig. 3 ). We note in passing that the presence of a peak at m/z 169 is due to the fragmentation of the adduct that C 12 H 9 + forms with background water (due to the presence of a certain degree of humidity in the nitrogen used and/or to contamination of the injection line with water), which The dependence of product ion abundances on the collision energy usually provides some mechanistic insights in the reaction processes. Products of exothermic or thermoneutral reactions have an onset at a similar energy to that of the parent ion and present a maximum at low collision energies, while endothermic channels, or channels with energy barriers require some excess energy to occur and thus peak at higher collision energies. As already mentioned, despite the fact that we do not define the collision energy, a comparison of the abundances for the different product ions as a function of the nominal kinetic energy can provide some meaningful information on the reaction energetics. Results are reported in Fig. 4 Fig. 4 ) are the result of a focussing due to ion optics and do not have any physical meaning. The association rate can be evaluated from the association cross section for which an upper limit is given by the Langevin-Gioumousis-Stevenson (LGS) collisional capture cross section (σ LGS ) that assumes the ionic partner to be a point charge [53] . Under the
LGS approximation the capture cross section at fixed collision energy for phenylium and biphenylium ions are identical (since the model depends only on the polarizability of the neutral partner). This rather crude model does not take into account the fact that the two ions have different steric hindrance, proportional to their different molecular sizes. For both phenylium and biphenylium cations in their ground singlet states the positive charge is localized to the same extent on the C atom not bonded to any H atom (see Computational part in Sec. 3.2), which is also the active site for covalent bond formation with C 6 H 6 .
Differently from the LGC model, not all the collisions leading to capture will evolve towards the formation of a covalently bound adduct, but only those occurring within an acceptance cone towards the active site. Consequently, the reactive cross section can be written as:
σ r, ion = P ion ⋅σ LGS with P ion (ion= phenyl or biphenyl) being the probability that a collision between the ion and the neutral partner coming from a random direction will hit the target on the active site. P ion can be estimated, in a first approximation, by the ratio of the area of the active site (S a.s. )
over the surface area of the molecular ion S ion :
While the active site area remains substantially unchanged in C 6 H 5 + and C 12 H 9 + , the larger surface area of the latter ion will be responsible for its lower P ion . This very simple idea qualitatively explains the lower reactivity of C 12 H 9 + with respect to C 6 H 5 + . A quantitative estimate requires a complete description of the potential energy surface and of the reaction dynamics that is beyond the scope of this paper. 
Theoretical results and reaction mechanism
One of the more prominent peaks in Fig. 2 , and strongly suggests the formation of a neutral counterpart of molecular formula C 10 H 8 (reaction 13). As already reported, this peak is present only when C 12 H 9 + reacts with benzene (see Fig. 3 ).
Moreover, it is more pronounced at high nominal kinetic energies (greater than 6-10 eV), but it almost disappears at kinetic energies smaller than 0-1 eV. Since this peak may be a signature for the synthesis of the smallest PAH, naphthalene, the formation mechanism of the ion C 8 H 7 + bears a particular interest, and possible reaction channels to naphthalene and hydro-naphthyl radicals have been investigated experimentally and computationally [55] . Before starting the exploration of the various reaction pathways, we have considered a few points.
Biphenylium spin state.
In analogy with phenylium, 1-naphthylium, 2-naphthylium and other PAH cations, [56, 57, 58, 59 ] biphenylium can be generated with two accessible spin multiplicities: singlet and triplet. In the case of biphenylium, singlet and triplet are separated by only 1.9 kcal⋅mol -1 at DFT(M06-2X)/cc-pVTZ (in favour of the singlet), and therefore both spin states can be deemed accessible under the present experimental conditions. [60] One of the scopes of this paper is to exemplify how naphthalene could form by offering a possible mechanism: since, as shown below, the triplet case is more intricate and less promising than the singlet, the discussion will focus in particular on the singlet is only slightly less favourable than for pathway A, which is however also articulated in a smaller number of steps. Along both pathways [62] the system can evolve through some hydrogen shifts and several ring closures and openings, allowing the formation of a naphthalene-like skeleton. An overall barrier above the reagents is present, but it has a moderate height, which is consistent with the experimental data on the collision energy dependences. Differently from the singlet pathway, the analogous (but not identical) triplet profile ends up to products well above the reference level, as shown in Fig. 7 . ) already hints to a condensed bicyclic "C 10 H 8 " portion, which carries however one extra hydrogen on the tertiary carbon of the two-ring naphthalene-like connection (bold H indicated by a small dotted arrow in Scheme 2, structure 4). By imagining the cleavage of the two bonds which connect this part to the "Ph-C=CH" part on the left, we can foresee the formation of the Ph-C 2 H 2 cation and naphthalene. However, some transformations, which we will describe presently, must precede the final fragmentation.
In 4, a 1,2 shift of the "bold hydrogen", as shown in the 4-5 step (barrier of 7 kcal mol ) forms. In the next irreversible step, 7 can finally split to naphthalene and the phenylethen-1-ylium ion (at -30 kcal mol -1 ). The backwards step presents no barrier. In this last fragmentation, a 1,2 H migration within the Ph-CH=CH-chain takes place concertedly with the C−C bond cleavage. Fig. 7 . EZPE pathway A profiles on the singlet (blue) and triplet (red) potential energy surfaces. They lead, from C 12 H 9 + (p-biphenylium, structure p-0) plus benzene, to the C 8 H 7 + (phenylethen-1-ylium ion) plus naphthalene fragments, labelled as 8. The numbers at the bottom of the profile refer to the structures shown in Schemes 1and 2. Geometry optimization has been performed for all the critical points along both pathways.
Competing steps. We can now go back to 3 to examine alternative transformations conceivable at each step (Scheme 2 and 3). Additions A' and A" (binding of one C-ortho in Ph' to one C-ortho on the central phenyl ring) might form 4-rings connecting benzo groups, but any attempt to optimize such structures failed, and 3 was obtained again. Other additions, implying the binding of C-para in Ph' to C-ortho or C-para on the central phenyl ring, respectively, lead to intermediate structures p-o and p-p, respectively, (Scheme 3).
The relevant barriers are well above the reference level (22 and 32 kcal mol Other ring closures lead to the formation of condensed 5-and 3-rings (Scheme 4). ). We can remark that a peak corresponding to C 10 H 9 + is not observed. Again in 4, one of the Ph' carbons bearing a partial positive charge could add to the C=C bonds.
We have explored three out of the possible four additions, since the the "extra" H hampers the fourth one. As sketched in Scheme 5, two of them take place (a, b), whilst the third one but the relevant TS is located 13.6 kcal mol -1 above the reference level. As an alternative, it could add to C-ortho or C-para of the leftmost ring (Scheme 7). These transition structures also present barriers somewhat higher than the reference level: 1. A couple of points are of interest: the first one is that the singlet pathway proposed in Schemes 1 and 2, though overall exoergic and keeping for most of the steps the system well below the reagents level, attains an energy higher than the reference level twice along the pathway (i.e. steps 5-6 and 6-7). The presence of such small barriers of 2.7 and 3.7 kcal⋅mol -1 is in agreement with the experimental result from the retarding potential analysis on the C 8 H 7 + product showing nominal appearance energy in the 0-1 eV region (see Fig.   4 ). The presence of alternative steps which depart from some intermediates (3, 5, and 6) and are easier alternatives to those of Scheme 2, indicates that the flow toward naphthalene and Ph−C + =CH 2 , depicted there, will be significantly depleted. The overall scheme appears to be qualitatively consistent with the presence of the C 8 H 7 + peak only as a minor peak (though the second most abundant one).
Secondly, the similarities in the reaction exothermicity for formation of the o-1-a, m-1-a and p-1-a starting from different C 12 H 9 + isomers is consistent with the similar branching ratios (in the range 56.6-76%, see Table I ) observed for the association reaction (1). In addition, our theoretical investigation highlights that the generation of intermediate 3 is crucial to proceed towards the C 8 H 7 + /C 10 H 8 channel. The pathways leading to structure 3 are barrierless and with similar energy profiles, irrespectively of the isomeric structure of the C 12 H 9 + reagent (o-, m-or p-). Hence they are not the rate limiting step in reaction (13) which, from structure 3 onward proceeds on a common path for all the starting isomers.
This is in agreement with the similarities observed in the branching ratios for C 8 H 7 + starting from different neutral precursors, as reported in Table I .
Conclusions
The reaction of biphenylium ion C 12 H 9 + with benzene was investigated by measuring mass spectra and product ion yields in a TQ-MS set up. The adduct C 18 against benzene. Under our experimental conditions, and at the smallest benzene pressure achievable in our set-up, the association reaction of C 12 H 9 + with benzene has an overall yield 175±40 times smaller than that of phenylium ions and this result has been interpreted in terms of a smaller cross section for the adduct formation due to the different steric hindrances of phenyl and biphenyl cations. With respect to the growth of polyphenyltype compounds [12] via ion-molecule reactions, a generalization of our results to larger system will imply that, when the cation dimensions increase, ion-adduct formation becomes less likely and such processes might have a limited relevance for increasing the length of the polyphenyl chain. It would be interesting to probe the reactivity of small size cations (e.g. C 6 H 5 + ) with neutrals of increasing sizes (i.e. benzene, biphenyl, terpheynl) to assess whether such processes would be more efficient for hydrocarbon growth. There has been a long debate as to whether the reactions leading to soot precursors are neutralradical or ion-molecule processes [28 -35, 63] . This paper demonstrates that indeed large molecular ions (up to C 18 ) can form via ion-molecule association reactions although with smaller rate constants than those producing C 12 ions.
Theoretical calculations were performed to shed light on the channel C 12 H 9 + + C 6 H 6 → C 8 H 7 + (phenylethen-1-ylium) + C 10 H 8 (naphthalene), which was found to be exoergic but hampered by small barriers on the singlet potential energy surface. Other products corresponding to the loss of H, 2H/H 2 , H+H 2 and small molecules/radicals from the adduct have higher energy barriers and consequently might be relevant for the modelling of aromatic hydrocarbon growth only in high energy environments, such as flames and combustion systems.
